Hypotrichosis with juvenile macular dystrophy (HJMD) is an autosomal recessive disorder that causes childhood visual impairment. HJMD is caused by mutations in CDH3 which encodes cadherin-3, a protein expressed in retinal pigment epithelium (RPE) cells that may have a key role in intercellular adhesion. We present a case of HJMD and analyse its phenotypic and molecular characteristics to assess the potential for retinal gene therapy as a means of preventing severe visual loss in this condition. Longitudinal in vivo imaging of the retina showed the relative anatomical preservation of the macula, which suggested the presence of a therapeutic window for gene augmentation therapy to preserve visual acuity. The coding sequence of CDH3 fits within the packaging limit of recombinant adenoassociated virus vectors that have been shown to be safe in clinical trials and can efficiently target RPE cells. This report expands the number of reported cases of HJMD and highlights the phenotypic characteristics to consider when selecting candidates for retinal gene therapy.
Results
The patient was an 11-year-old boy with blurred vision in his right eye for one year. He had sparse hair on his scalp (Fig. 1a ). There were no other affected family members. His visual acuity was 20/30 in the right eye and 20/25 in the left. Clinical examination revealed features of macular dystrophy including symmetrical areas of RPE hypopigmentation extending from the optic discs to the temporal maculae in the right and left fundi (Fig. 1b,c) . Retinal flecks were absent. There were small hyperpigmented RPE clumps centered on each fovea. Autofluorescence (AF) was increased in the zone of RPE hypopigmentation detected clinically but reduced at the foveal centers, reflecting central RPE cell loss ( Fig. 1d,e ).
In the right macula at baseline ( Fig. 1f ), spectral domain optical coherence (SDOCT) imaging showed outer retinal abnormalities including a hyperintense subretinal deposit and focal outer nuclear layer (ONL) thinning outside the foveal center, representing focal loss of photoreceptor cells. Despite the abnormal anatomy of subfoveal RPE interdigitation zone (IZ) and the inner segment/outer segment (IS/OS) junction SDOCT lines, the foveal center thickness appeared relatively normal. In the left eye ( Fig. 1g ), baseline SDOCT imaging revealed normal foveal thickness, albeit with loss of the normal subfoveal IZ and IS/OS lines, and a focus of subretinal tubulation indicating localised photoreceptor degeneration. He was clinically diagnosed with juvenile macular dystrophy associated with alopecia, with foveal sparing.
Three years later, the patient's visual acuity had declined to 20/80 and 20/40 in the right and left eyes respectively. There was clinical evidence of more advanced macular atrophy, subretinal scarring, and pigment clumping involving the juxtafoveal zones in both eyes ( Fig. 1h ,i). Fundus fluorescein angiography excluded choroidal neovascularisation (data not shown) as a cause of the visual decline. SDOCT imaging ( Fig. 1j -m) showed more advanced degenerative retinal changes, however central foveal thickness remained within the normal range despite the degeneration of subfoveal RPE cells.
All 16 exons of the CDH3 gene were amplified and sequenced. A recurrent homozygous mutation 6 in intron 12 (c.1796-2A> G) was detected in the patient ( Fig. 2a,b ). This mutation in the splice acceptor site is predicted to cause aberrant splicing and the loss of exon 13 in the mRNA product. RNA was extracted from peripheral blood lymphocytes and cDNA was synthesised to test the predicted effect of this mutation on splicing. Primers were designed to span several exons, and a product was generated from exon 11 to exon 15 in the patient and a control. The predicted fragment of 611 bp was generated from the control, however a smaller fragment (404 bp) was observed in the patient. Sanger sequencing confirmed the loss of exon 13 in the patient sample ( Fig. 2c,d) . The homozygous mutation found in this patient, causing skipping of exon 13, is predicted to result in a truncated CDH3 protein causing the loss of the extracellular calcium binding domain and part of the transmembrane domain.
Discussion
Gene therapy for retinal degenerations has been evaluated in several clinical trials 7-10 , however the phenotypic characteristics that should guide patient selection for macular gene therapy are not fully defined. Among the prerequisites for a macular dystrophy to be considered a target for gene therapy is a natural history that permits a time window for treatment. In the patient described here, visual acuity had declined gradually over the three years of follow up. In this interval, the anatomy of the left fovea is striking for the absence of scar and the relative preservation of central foveal thickness despite the presence of focal areas of progressive photoreceptor degeneration outside the foveal center. This suggests the presence of macular photoreceptor cells that could, in principle, be rescued from further degeneration by the administration of CDH3 gene augmentation therapy to the remaining RPE cells in the macula. SDOCT findings in a 6-year-old boy with reduced visual acuity due to HJMD 11 demonstrated preserved central macular thickness in the absence of subretinal and sub-RPE scars. Taken together with the longitudinal imaging data presented here, we infer that gene augmentation therapy, if applied at the stage when foveal photoreceptors and RPE cells survive as targets, may be successful in preventing or retarding progressive visual loss in HJMD. A report of 16 HJMD cases 12 suggested a progressive decline in some cases over time. Moreover, some young patients can show normal ERG responses 11 . Hence, the generally slow progression of decline in macular dystrophy due to HJMD also implies a time window for retinal gene therapy.
Retinal gene therapy clinical trials thus far reported have employed recombinant AAV (rAAV) vectors to deliver therapeutic DNA into target retinal cells. A limiting factor in the list of candidate diseases that could be treated with rAAV gene therapy is the size of the cDNA sequence of the mutated gene. The cargo of rAAV vectors is limited to approximately 4.7 kB of single stranded DNA including promoter and inverted terminal repeat sequences. The coding sequence of CDH3 spans approximately 2.5 kb, and can therefore be delivered using rAAV vectors. Significantly, rAAV type 2 (rAAV2) has been shown to have a favorable safety profile in retinal gene therapy in clinical trials [7] [8] [9] [10] . Gene therapy with rAAV2, using a RPE-specific promoter, has been shown to produce efficient and exclusive gene expression in RPE cells, and has been evaluated for use in a gene therapy trial for retinitis pigmentosa due to mutations in MERTK (NM_006343), an RPE-expressed gene 13 . As HJMD is caused by the loss of function of cadherin-3 in RPE cells, it is amenable to a curative approach of restoring the expression of normal CDH3 by targeting rAAV2 vectors bearing the therapeutic DNA to RPE cells in the retina.
Although macular dystrophy is a consistent feature, phenotypic variability is known to occur in HJMD 14 . Hence, candidacy for gene therapy is likely to be dependent on specific features (such as the extent of foveal center sparing) in each case. Few other reports of this condition exist in the literature 2, 6, 12, [15] [16] [17] [18] [19] . This report expands the number of reported cases of HJMD, suggests the condition as a candidate disease for gene therapy, and highlights the phenotypic characteristics to consider when selecting patients for gene therapy of the macula in the future.
Methods
This research was approved by the local ethics committee and was conducted in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained. Genomic DNA was extracted from peripheral blood (QIAamp DNA blood midi kit, Qiagen UK). Each of the 16 exons of CDH3 was amplified from the genomic DNA using primers located in flanking introns and untranslated regions. Polymerase chain reaction (PCR) was performed using a published protocol 20 , amplifying exons and splice junctions. RNA was extracted (QIAamp RNA blood mini kit, Qiagen, UK) and cDNA synthesised from 300 ng RNA (Quantitect kit, Qiagen, UK). A fragment spanning exon 11 to exon 15 was amplified as follows: 94 °C for 5 minutes, 94 °C for 30 s, 62 °C for 30 s, 72 °C for 1 min for 35 cycles, and 72 °C for 10 minutes. Each 25 μl reaction contained 12.5 μl Biomix (Bioline Ltd), 0.2 μM 6 of each primer, 1 μl glycerol and 1 μl cDNA from the patient and a control as template. The primers CDH3ex11F (5′-GTGAGGATGAGCAGTTTGTG-3′) and CDH3ex15R (5′-TGTCGGGATGATGGTTGGTG-3′) were expected to generate a 716 bp fragment. A second round of PCR was performed using nested primers, CDH3ex11F2 (5′-GAAGTCATGGTCTTGGCCAT-3′) and CDH3ex15R2 (5′-AGCTGGGTGATGTCATAGTC-3′) to generate a 611 bp fragment. Conditions were: 94 °C for 5 minutes, 94 °C for 30 s, 56 °C for 30s, 72 °C for 45 s for 35 cycles, 72 °C for 10 minutes. Each 25 μl reaction contained 12.5 μl Biomix (Bioline Ltd), 0.2 μM of each primer, and 1 μl 1:10 diluted first round product from the patient and a control as template. The products were Sanger sequenced using forward and reverse primers.
